A selection of results from electron-positron collisions at BESIII are reviewed. The results presented here illustrate the wide range of physics topics that can be studied using the Beijing Electron Positron Collider (BEPC). At low collision energies, the cross section for e + e − → π + π − provides much-needed input into theoretical calculations of the anomalous magnetic moment of the muon, and the reaction e + e − → pp provides access to the electromagnetic form factors of the proton. In the charmonium region, a large sample of ψ decays can be used to measure new decay modes of charmonium states. And at higher energies, BESIII is uniquely situated to explore questions concerning the still-unexplained XY Z states. Results from BESIII Ryan E. Mitchell BESIII has collected a variety of data sets for e + e − collisions with center-of-mass energies between 2.0 and 4.6 GeV [1] . A few of the highlights, from low to high energy, include: a scan of the region between 2.0 and 3.0 GeV; 1.3 billion J/ψ decays; 450 million ψ decays; 2.9 fb −1 of data at the ψ(3770) mass; about 3 fb −1 at 4.18 GeV (primarily for studies of the D s meson); 0.8 fb −1 in a scan of the region between 3.85 and 4.59 GeV (spread over 104 points); and over 4 fb −1 collected between 3.81 and 4.60 GeV (in sets ranging from 50 pb −1 to 1.1 fb −1 ) for studies of the XY Z states. In addition to these fixed energies, one can also study e + e − collisions at any lower center-of-mass energy using the Initial State Radiation (ISR) technique, where photons are radiated from the primary e + or e − before the collision. The following represents a small selection of the recent results that have been derived from these data sets.
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Anomalous Magnetic Moment of the Muon
The difference between the Standard Model (SM) and the experimental (E821) values for the anomalous magnetic moment of the muon, a µ ≡ (g µ − 2)/2, is currently larger than 3σ : The error in the SM calculation is dominated by the Hadronic Vacuum Polarization (HVP) contribution, which is estimated using experimental input from e + e − collisions to hadrons. The cross section for e + e − collisions to hadrons, in turn, is dominated by the reaction e + e → π + π − in the region of the ρ meson, corresponding to collision energies between 600 and 900 MeV. But here there are experimental differences between BaBar and KLOE, as shown in Figure 1b , on the order of several sigma. If only the BaBar measurement is used in a SM µ , the difference between SM and experiment drops below 3σ . It is thus crucial to provide more experimental input. Letters B 753 (2016) 629-638 635 ed due to this efmoved by applying lgorithm. Here, the a MC sample that ter τ is determined rections for the raof 2%, one obtains is found to be ry and agree with as systematic unmethod (1) is used rection thin the Phokhara ry precise descrip-.5% [16] . polarization effects dressed cross secis adjusted for the and dressed cross (7) n the investigated ces are: ncertainty is student sources. Firstly, e data samples are n mentioned in Taby multiplying the and their fraction vary the selection rack in the MUC), samples for the efresolution of the rrection factors are ion factors, i.e., the varied by a factor rs are tested. ainties of using the stimated by come method, namely . As a further cross the use of a dedisimulated events.
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the angular accepquirement by more (6) FSR correction: The uncertainty due to the FSR correction is obtained by comparing two different approaches as described in Sect. 6.3. The uncertainty is found to be 0.2%.
(7) Vacuum Polarization: The uncertainty due to the vacuum polarization correction is conservatively estimated to be 0.2%.
(8) Radiator Function: The Radiator Function extracted from the Phokhara generator is implemented with a precision of 0.5%.
(9) Luminosity: The luminosity of the analyzed data set has been determined to a precision of 0.5%.
All systematic uncertainties are summarized in Table 2 . They are added in quadrature, and a total systematic uncertainty for σ bare (e + e − → π + π − (γ FSR )) of 0.9% is achieved, which is fully correlated amongst all data points.
Results
The result for σ bare (e + e − → π + π − (γ FSR )) as a function of √ s = m ππ is illustrated in Fig. 3 and given numerically in Table 4 .
The cross section is corrected for vacuum polarization effects and includes final state radiation. Besides the dominant ρ(770) peak, the well-known structure of the ρ-ω interference is observed.
The result for the pion form factor |F π | 2 is shown in Fig. 4 and and assuming that the five data sets are independent, a deviation of more than 3σ between the SM prediction of (g − 2) µ and its direct measurement is confirmed. For the low mass region < 600 MeV/c 2 and the high mass region > 900 MeV/c 2 , the BaBar data was used in this calculation. This discrepancy between BaBar and KLOE was addressed at BESIII using 2.9 fb −1 of e + e − data at a nominal center-of-mass energy of 3.773 GeV [4] . The ISR technique was used to measure the cross section for e + e − → π + π − in the region between 600 and 900 MeV (Fig. 1a) . This was then integrated using a dispersion relation to obtain a new value for a ππLO µ (600-900 MeV) (Fig. 1b) .
The BESIII measurement, by favoring KLOE, confirms the existence of a larger than 3σ deviation of ∆a µ from zero.
Electromagnetic Form Factors of the Proton
The electromagnetic form factors of the proton can be measured in the spacelike region (where the momentum transfer, q 2 , is less than zero) using elastic scattering of the electron off of the proton, e − p → e − p. The same form factors can also be studied in the timelike region (q 2 > 0) using the corresponding reaction e + e − → pp. BESIII has preliminary results for e + e − → pp covering a wide range of collision energies, obtained using the ISR technique, starting with seven data samples at higher energies with a total integrated luminosity of 7.4 fb −1 . The form factors |G E (q 2 )| and |G M (q 2 )| are measured by binning the data in q 2 (which in this case is equivalent to the center-of-mass energy of the collision) and fitting the distribution of the scattering angle of the proton (θ p ) using:
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Studies of Charmonium
One of the most interesting problems in charmonium physics is the unexpected difference between decays of the J/ψ and ψ to light hadrons. This was first noticed in the ρπ system, where the ψ decay to ρπ is suppressed relative to expectations based on the corresponding J/ψ decay [6] .
But related phenomena have since been seen in many more channels. One striking example is in radiative decays to the η and η . While the ratio of branching fractions, B(γη)/B(γη ), is 21.9 ± 0.9% for the J/ψ, it is only 1.1 ± 0.4% for the ψ [3] .
Using a sample of 450 million ψ decays, BESIII has been able to make a measurement of the same ratio, B(γη)/B(γη ), for h c decays [7] . The processes ψ → π 0 h c with h c → γη ( ) were reconstructed using two decay modes of the η (π + π − η (Fig. 3a) and γπ + π − (Fig. 3b) ) and two decay modes of the η (γγ (Fig. 3c ) and π + π − π 0 (Fig. 3d) ). Simultaneous fits were performed for the two η and η channels and the ratio was measured to be B(γη)/B(γη ) = 30.7 ± 11.3 ± 8.7%, showing that the h c decays behave more like the decays of the J/ψ than the ψ .
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Results on the "Y" States
Above the threshold to produce open charm, e + e − cross sections to final states including charmonium show many puzzling features [8] . The first to be discovered, and the best known of these features, is the Y (4260), which was originally seen as a peak in the e + e − → π + π − J/ψ cross section at a mass of around 4.26 GeV. New results from BESIII, however, show that the Y (4260) is not a simple peak [9] . The BESIII measurement of the e + e − → π + π − J/ψ cross section, measured using both a small number of high-statistics data points and a large number of low-statistics data points, is shown in the top plots of Figure 4 . The peak that was formerly known as the Y (4260), can, in fact, be better described as a combination of two peaks, one with a mass of 4222.0 ± 3.1 ± Similarly, the e + e − → π + π − h c cross section is much more complex than previously suspected. The latest measurement from BESIII is also shown in Figure 4 [10] . It can also be described as two peaks, one with a mass of 4218.4 ± 4.0 ± 0.9 MeV/c 2 and width of 66.0 ± 9.0 ± 0.4 MeV and one with a mass of 4391.6 ± 6.3 ± 1.0 MeV/c 2 and width of 139.5 ± 16.1 ± 0.6 MeV. The parameters of the lighter peak agree with the parameters of the lighter peak in π + π − J/ψ. Whether or not they originate from the same resonance is a question that requires more investigation.
Finally, BESIII has a new preliminary result on the shape of the e + e − → π + π − ψ cross section, also shown in Figure 4 . The new measurements are in agreement with those from Belle and BaBar, which were used to determine the parameters of the Y (4360) [8] . ⃗ θ) , where G i (s| ⃗ θ) is a Gaussian distribution which describes the "XYZ data" set i, and P j (s| ⃗ θ) is a Poisson distribution which describes the "Scan data" set j, and s and ⃗ θ represent the measured quantities and the fit parameters in the PDF, respectively. The product runs over the full data sets both from the "XYZ data" and the "Scan data".
We fit to the e + e − → π + π − J/ψ cross section with the coherent sum of three Breit-Wigner (BW) functions, together with an incoherent ψ(3770) (mass and width are fixed to PDG [8] values) component which accounts for the decay of ψ(3770) → π + π − J/ψ. Due to the lack of data near the ψ(3770) resonance, it is impossible to determine the relative phase between the ψ(3770) amplitude and the other amplitudes. The BW function to describe a resonance R is written as
where M , Γ tot and Γ e + e − are the mass, full width (constant) and electronic width of the resonance R, respectively; B R is the branching fraction of the decay R → π + π − J/ψ; and Φ( √ s) is the phase space factor of the three-body decay
There are four solutions with equally good fit quality and identical masses and widths of the resonances (listed in Table I ), while the phase angle and the product of the electronic width with the branching fraction are different (listed in Table II ). The resonance R 1 has a mass consistent with that of Y (4008) observed by Belle [3, 5] The statistical significance of R 3 is estimated to be 7.9σ (including systematic uncertainties) by comparing the change of ∆(−2 ln L) = 74.9 with and without the R 3 amplitude in the fit, and taking the change of number of degree of freedom ∆ndf = 4 into account. Figure 1 shows the fit results. The fit quality is estimated using a χ 2 -test method, with χ 2 /ndf = 93.6/110. Fit methods taken from previous experiments [1] [2] [3] [4] [5] are also tried and found to be not able to describe data. and will propagate to the mass measurement (0.8 MeV). The changes on the parameters are taken as uncertainty. The uncertainty from CM energy spread is estimated by convoluting the fit formula with a Gaussian function with a width of 1.6 MeV, which is beam spread, measured by the Beam Energy Measurement System [35] . The uncertainty from the cross section measurement is divided into two parts. The first one is uncorrelated among the different CM energy points and comes mainly from the fit to the γηc invariant mass spectrum to determine the signal yields. The corresponding uncertainty is estimated by including the uncertainty in the fit to the cross section, and taking the differences on the parameters as uncertainties. The second part includes all the other sources, is common for all data points (14.8%), and only affects the Γ el measurement. Table I summarizes the systematic uncertainty in the resonance parameters.
In summary, we measure the e + e − → π + π − hc Born cross section using data at 79 CM energy points from 3.896 to 4.600 GeV. The cross sections are of the same order of magnitude as those of the e + e − → π + π − J/ψ and e + e − → π + π − ψ(2S) [4] [5] [6] [7] [8] [9] [10] [11] [12] , but with a different line shape. The cross section drops in the high energy region, but more slowly than for the e + e − → π + π − J/ψ process. Assuming the π + π − hc events come from two resonances, we obtain M = (4218.4 ± 4.0 ± 0.9) MeV/c 2 , Γ = (66.0 ± 9.0 ± 0.4) MeV, and Γ el = (4.6 ± 4.1 ± 0.8) eV for Y (4220), and M = (4391.6 ± 6.3 ± 1.0) MeV/c 2 , Γ = (139.5 ± 16.1 ± 0.6) MeV, and Γ el = (11.8 ± 9.7 ± 1.9) eV for Y (4390), with a relative phase of φ = (3.1 ± 1.5 ± 0.2) rad. The parameters of these structures are different from those of Y (4260), Y (4360), and ψ(4415) [3] . The resonance parameters of Y (4220) are consistent with those of the resonance observed in e + e − → ωχc0 
applied to extract the ψ(3686) signal, and the side- With the above selection criteria, the Dalitz plots of (3686)) and the correspond-337 ing 1-dimensional projections are shown in Fig. 3 (top left) The e + e − → π + π − J/ψ cross section measured using high-statistics data points [9] ; (top right) the same using a larger number of low-statistics data points; (bottom left) the e + e − → π + π − h c cross section [10] ; (bottom right) preliminary results for the e + e − → π + π − ψ cross section.
Results on the "X" States
Besides the Y (4260), another well-known mystery in the charmonium spectrum is the nature of the X(3872) [8] . BESIII has recently shown that there may be a connection between them. Using high-statistics data points at 4.01, 4.23, 4.26, and 4.36 GeV, BESIII observed the process e + e − → γX(3872), where the X(3872) decays to π + π − J/ψ (Fig. 5a) [11] . The cross section as a function of center-of-mass energy (Fig 5b) shows a shape that is consistent with a peak between 4.2 and 4.3 GeV, which may be consistent with the structure seen in other channels. More data is needed to resolve this issue, but finding a connection between the X(3872) and the "Y" states seen in e + e − cross sections is a promising lead.
Similarly, BESIII searched for the X(4140) (also known as the Y (4140)) in the analogous process e + e − → γX(4140) with X(4140) → φ J/ψ [12] . Upper limits were set on the product σ (e + e − → γX(4140)) × B(X(4140) → φ J/ψ) that are of the same order of magnitude as the measurements of σ (e + e − → γX(3872)) × B(X(3872) → π + π − J/ψ).
mass scale and to extract the resolution difference between data and MC simulation. The fit to the ψð3686Þ results in a mass shift of μ ψð3686Þ ¼ −ð0.34 AE 0.04Þ MeV=c 2 , and a standard deviation of the Gaussian resolution function of σ ¼ ð1.14 AE 0.07Þ MeV=c 2 . The resolution parameter of the resolution Gaussian applied to the MC simulated signal shape is fixed at 1.14 MeV=c 2 in the fit to the Xð3872Þ. Figure 2 shows 
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tinuum, and phase space distribution, respectively. The Yð4260Þ resonance describes the data better than the other two options.
The systematic uncertainty in the Xð3872Þ mass measurement include those from the absolute mass scale and the parametrization of the Xð3872Þ signal and background shapes. Since we use ISR ψð3686Þ events to calibrate the fit, the systematic uncertainty from the mass scale is estimated to be 0.1 MeV=c 2 (including statistical uncertainties of the MC samples used in the calibration procedure). In the Xð3872Þ mass fit, a MC simulated histogram with a zero width is used to parameterize the signal shape. We replace this histogram with a simulated Xð3872Þ 
092001-5
Figure 5: (left) Observation of the X(3872) in the process e + e − → γX(3872) with X(3872) → π + π − J/ψ [11] . (right) The e + e − → γX(3872) cross section as a function of center-of-mass energy [11] .
